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A study has been made of the changes in the constitu-
ent prote ins of a sample of sulfur-deficient human hair 
(trichothiodystrophy, TID) which has a cystine content 
less than 50% of normal. The constituent low-sulfur pro-
teins, although increased in amount, appear normal 
(apart from the absence of one minor component) as they 
contain the same array of subunit polypeptides covering 
the same range of molecular weights and isoelectric 
points as normal hair. In contrast, the high-sulfur pro-
teins not only were decreased from the normal 40- 45% 
to less than 10% but the proteins were on average 
smaller, had a lower than normal cystine content, and 
had a greatly altered amino acid composition. Fraction-
ation followed by two-dimensional electrophoresis of the 
fractions revealed that the TID high-s ulfur proteins had 
lost the large heterogeneous group of ultrahigh-sulfur 
proteins and at least 8 major high-sulfur protein com-
ponents but had acquired at least 22 components of 
lower than normal cystine content, which are either not 
present in normal human hair or are present at levels 
too low for d e tection. It is ·suggested, on the basis of 
nutritional studies on sheep and humans, that the loss of 
the ultrahigh-sulfur proteins is due to the presence of a 
sulfur-deficiency state, presumably of metabolic origin. 
The changes in the other high-sulfur proteins may be 
due to the mutation having affected the operation of a 
regulatory gene for high-sulfur proteins, as such changes 
do not occu1· in wool or hair as a result of dietary manip-
ulation. 
There have been a number of r epor ts, reviewed by Price [1] 
and Goldsmith [2], of the occurrence of brittle human hair 
which, compared with normal hair, is abnormally low in cystine 
content. This syndrome, now termed trichothiodystrophy 
(TTD) [1] is often, but not invaria bly, accompanied by a range 
of other disorders including skin and nail abnormalities. An 
autosoma l recessive inheritance pattern has been found by one 
group of workers [3]. There is a general concensus that the 
decreased cystine content of the hair is due both to a reduction 
in the proportion of high-sulfur proteins and to a decreased 
synt hesis of those components richest in sulfur [2, 4-9]. There 
is, however, some disagreement over the existence of cha nges 
in the low-sulfur proteins [6,9]. The actual mechanism by which 
the presumptive mutation a ffects the synthesis of the 
hair proteins has not been elucidated, but on the basis of 
analogy with the changes in wool proteins caused by sulfur 
deprivation, i.e., a decrease in total high-sulfur protein and a 
concurrent decrease in theu· cystine content, and with the 
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changes in hau· proteins associated with kwashiorkor, various 
workers have suggested that the muta tion causes a metabolic 
defect 1·esul ting in a deficiency in the availability of sulfur-
containing amino acids for hau· synthesis and presumably for 
other protein synthesizing systems as well [5, 6]. Price et al [10) 
list a large number of other syndromes which to varying degrees 
are associated with TTD, suggesting t hat we are observing the 
effects of not one but a number of inherited defects which may 
have, as suggested by Brown et al [5], different mechanisms but 
a common end result in a deficiency in the synthesis of hau· 
high-sulfur protein. 
A number of questions were left unanswered or only partly 
a nswered by previous workers, and the availability of a cystine-
deficient hau· has provided t he opportunity for us to use some 
new high-resolution electrophoretic techniques that have be-
come availa ble since the very thorough tudy of Pollitt a nd 
Stonier [6]. We were interested in determining whether the 
inherited defect changed not only the a mount but also the 
natm e of the high-sulfur proteins, r e ulting in the appearance 
of new high-sulfur protein components. If TTD comprises a 
group of inherited disorders all resul ting in a changed pattern 
of synthesis of the high-sulfur proteins then we might expect to 
find quantitative differences in the changes in the proteins of 
hau· from different affected individuals. It is of considerable 
interest to know whether the low sulfur proteins are affected 
by the disorder because it would be surprising indeed if t he 
microfibril could tolerate, without serious disruption, significant 
cha nges to the amino acid sequences of the subunit polypeptide 
chains or t heu· relative proportions. 
When Brown and his coworkers [5] and Polli tt and Stonier 
[6] explained the changes in TTD hai1· as the resul t of a 
metabolic sulfur deficiency t hey relied on results from this 
laboratory on diet-induced changes in t he proteins of wool and 
hau·. In order to see whether further light can be shed on this 
problem and to set the interpretation on a sounder basis we 
have reexa mined the changes in hau· that occur during kwash-
iorkor and in wool dur ing periods of sulfur deprivation and 
sulfur enrichment. 
MATERIALS AND METHODS 
Preparation of Soluble Hair Proteins 
The TTD hair was the gift of Dr. -V. H. Price. Its ongm and 
characte ristics are described in [10] where it is identified as sample 1. 
Unfortunately the comparatively small size of the sample coupled with 
the low content of high-sulfur proteins greatly restricted the scope of 
our studies on these proteins. The control was provided by a sample of 
normal hair from a 2-year-old boy, the son of one of us (RCM). Both 
samples were unusually soluble (cf [9]) (- 75%) in the urea-mercapto-
ethanol extractant. The origin of the other hair and wool samples is 
given in the text. 
The va1· ious samples of human hair and wool were washed succes-
sively with petroleum ether, ethanol, and water and then air dried. 
They were solubilized by treatment with 0.2 M ,8-mercaptoethanol in 8 
M urea at pH 11 for 2 h and the cysteinyl residues of the solu ble proteins 
·tabilized by alkylation with iodoacetate to convert them to S-carbox-
ymethylcysteinyl (SCMC) residues. After dialysis, the constituent pro-
te ins were separated by adding zinc acetate to 0.02 M giving a precipitate 
of low-sul fu r protein and leaving the high-sulfur proteins in the super-
natant. Both protein fractions were treated with excess sodium citrate 
to remove the zinc ions, dialyzed, and freeze-dr ied. For further deta il 
consul t [ll]. In one experiment the proteins were extracted with 8 M 
urea-0.05 M dithiothreitol-0.05 M Tris at pH 9.3 for 18 h at room 
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temperature, partly a lkylated with iodo[2-'"C]-acetic ac id and then 
fully a lkylated with excess unla beled iodoacetic ac id [12]. 
Chromatography of High -Sulfur Proteins 
T he freeze-dr ied samples of high -sulfur proteins were dissolved in 
the buffer system 0.1 M ammonium bicarbonate-8 M urea-0.1 M sodium 
chloride, sucrose added to 20% w /v, and the solutions applied to a 1.6 
X 90 em column of Sephadex G-200 equi librated with buffe r. The 
proteins were elu ted us ing a fl ow rate of about 5 ml/h . Five millilite1· 
fractions were co llected, pooled as indicated on the profi les (see F ig. 3), 
dialyzed aga inst deion ized water, and freeze-dried . 
Amino Acid Analysis 
Hair proteins were hydrolyzed in vacuo with constant bo iling HCl 
at 108°C for 22 h, freeze-dried, and the content of amino ac ids estimated 
with a modified Beckman 120C amino acid analyzer. Hair was treated 
in a similar way but after freeze-drying, t he hydTolysate was adjusted 
to pH 7-8 and shaken with a ir to oxidize cysteine. 
Electrophoresis 
The low-sulfur protein subunit polypeptides were separated by two-
dimensional electrophoresis us ing in the first dimension e ither isoelec-
tric focusing or electrophoresis in polyacryla mide (P AA) gel rods at pH 
8.9 in the presence of 8 M urea, followed by electrophores is in PAA gel 
slabs at pH 8.9 in the presence of sodium dodecyl sulfate (SDS) . 
One-dimensional electrophoresis of the high-sulfur proteins was per-
formed in 10% PAA gel s labs contai ning 4.8 M acetic ac id and 2.8 M 
urea at pH 2.6 fo r 2 h at 300 V. For two-d imensional electrophoresis, 
the proteins were first electrophoresed in PAA gel rods (100 X 3.5 mm) 
using this buffer system, followed by electrophoresis in continuous 
gradient PAA slab gels (Gradipore) in the presence of SDS at pH 7. At 
the completion of electrophoresis, unless otherwise stated, proteins 
were located in the gels by staining with Coomassie Brilliant Blue G250. 
FuTther experimeAtal details for the e lectrophoretic techniques a re 
given in [13) a nd [14). 
Chromatography by High Performance Liquid Chromatography 
(HPLC) 
The M, distribution a mong high -sulfur components was studied by 
chwmatography in 0.1 M phosphale-8 M urea, pH 7 on 2 Waters 1-250 
columns in series (7.8 X 300 mm) using a Waters Associates HPLC 
system. The columns were ca librated with 3 S-caTboxymethylated wool 
high-sulfur proteins (B2A, IIIA1 a nd IIIB2) of known seq uence M,s 
[15] and the assumption was made that the human hair high-sulfur 
proteins have the same elu tion volume-M, relationships. 
RESULTS 
A Comparison of the Amino Acid and Protein Composition 
of TTD and Normal Human Hair 
T his sample of TTD hair as compared to normal hair from 
a 2-year-old child (Table I) had a strikingly different a mino 
acid composition containing much less cystine, proline, serine, 
and threonine but substantially more lysine, aspartic acid , 
glu tamic ac id, alanine, leucine, isoleucine, and phenylalanine. 
From the known compositions of the constituent proteins these 
differences in composition are consistent with TTD hair con-
taining much less high-sulfur protein and consequently more 
low-sulfur protein than normal. Isolation and gravimetric quan-
titation confirmed this conclusion , showing t hat the high-sulfur 
proteins had declined fTom the normal 40-45% to less tha n 10% 
with an equ iva lent increase in the low-sulfw- proteins. 
We next examined the constituent proteins in some detail 
looking for changes not only in the proportions but in the 
composit ion of the subunit polypeptides. 
A Comparison of the Proteins of TTD and Normal Hair 
The low-sulfur proteins: Low-sulfu1:. proteins isolated from 
normal a nd TTD hair were compared by two-dimensional 
electrophoresis using isoelectric fo cusing in the first dimension 
and SDS electrophoresis in the second. It can be seen (Fig la, 
c) that each preparation contains th e same number of major 
components in about the same relative proportions wi th the 
isoelectric points and apparent M,s of corresponding subuni t 
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TABLE I. A m.ino acid compositions (as residues%) of n.orm.a.l hair, 
TTD hair, and their constituent proteins 
Norma l hair TTO ha ir 
Amino acid Low-"'d- H igh-sui - Low-sui - 1-ligh -Hul -
Hair fur p ro- fur p ro~ Ha ir fur pro- fur p ro-
Leins Leins Le ins Lei ns 
Lysine 2.7 3.5 0.5 3.6 3.9 1.2 
Histidine 0.9 0.7 0.8 0.9 0.8 1.] 
Arginine 5.8 7. 1 6.2 5.7 6.8 5.2 
SCMC" NP" 7.6 27.2 NP 5.6 18.6 
Aspartic ac id 4.9 9.3 2.2 8.3 9.3 3.3 
Threonine 6.8 5.4 11.2 5.4 4.8 9.0 
Serine 11.7 8.9 13.1 9.5 8.5 13.5 
Glu tamic acid 11.4 16.5 8.0 14.2 16.8 8.1 
Proline 8.4 3.8 12.0 5.7 4.2 11.5 
Glyc ine 6.4 5.1 5.5 6.7 5.9 8.4 
Alanine 4.6 6.9 1.9 7.1 7.1 3.6 
'I" Cystine,. 17.8 NP NP 8.0 NP NP 
Val ine 5.8 6.1 5.2 6.2 5.8 () .] 
Methionine 0.6 0.4 0.0 0.9 0.8 0.2 
Isoleucine 2.6 3.6 1.4 3.5 4.0 2.4 
Leucine 5.8 10.2 2.2 9.1 10.7 4.0 
Tyrosine 2.0 2.5 1.5 2.7 2.9 1.9 
P henyla lanine 1.6 1.9 l.l 2.4 2.3 2.0 
" S-carboxyrnethylcysteine 
"NP - not present. 
' Estimated as cysteic ac id 
polypeptides the same. A second comparison (Fig 1b, d) us ing 
electrophoresis in 8 M urea at pH 8.9 in the first dimension, 
fo llowed by SDS electrophoresis in the second confirmed the 
apparent identity of the major constit uents but suggested some 
variation in relative proportions. The mutation therefore does 
not appear to have altered the size, isoelectric points, or net 
charge at pH 8.9 of the constituen t low-su lfur polypeptide 
cha ins. Therefore it was surprising to find that the TTD low-
sulfur protein contai ned about 26% less SCM C than the normal 
material (Table I), a difference in composit ion which should be 
reflected in a set of higher than normal isoelectric points. We 
have evidence that this difference in composit ion is due to the 
absence in TTD hair of a particular high-sulfur protein com-
ponent which normally contaminates preparations of the low-
sulfur proteins of human hair and gives them an anomalously 
high SCMC content. It is possible that the band of low isoelec-
tric point protein (arrow in top left-hand corner, F ig la) rep-
resents this contaminating protein . 
These electrophoretic comparisons also revealed that TTD 
hair lacks a minor low-sulfur protein (less tha n 10%) which was 
present in the control hair (marked with an arrow in Fig 1a, b) 
and also 7 other ha i1' and nail samples examined by this tech-
nique. It may well be that the loss of this component is the 
resul t of the TTD mutation; however , without examining haiT 
from other members of the subject's fam ily we cannot ru le ou t 
natural polymorphism as the cause. 
The high-sulfur proteins: A comparison of normal a nd TTD 
high-sulfur proteins by electrophoresis in one dimension at pH 
2.6 (Fig 2a, b) reveals marked differences between them, the 
pattern of the TTD protein lacks most of t he smear of low-
mobil ity proteins which are such a conspicuous featw·e of the 
normal pattern, but has 6 well-defined bands, few of which are 
present in the normal pattern. 
The remarkably different patterns of spots given when the 
two proteins are examined by two-dimensiona l electrophoresis 
(Fig 2c,d) support the find ings from one-d imensional electro-
phoresis, fuxther suggesting that t he two preparations share 
few common constituents. Further support for this concept will 
be presented later in a discussion of the fractionation studies. 
The most obvious difference between the two patterns is the 
absence from the TTD h-action of most of the high M, proteins 
which form a n unreso lved wedge of stain in the top left-hand 
side of the gel. These components, termed ultrahigh-sulfur 
(UHS) proteins [16] are extremely ri ch in cystine and their 
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FJG l. Two-dimensional electrophoresis patterns of the low-sulfur proteins of normal ( a,b ) and TTD ( c,d) hairs. a and c, First dimension 
(horizonta l) , isoelectric focusing in 5% PAA gels containing 8 M urea. Second dimension (vertical), electrophoresis in 10% PAA gels conta ining 
SDS at pH 8.9. band d, First dimension (horizonta l), electrophoresis in 7.5% PAA gels containing 8 M urea at pH 8.9. Second dimension (vertical) 
electrophoresis in LO% PAA gels containing SDS at pH 8.9, these proteins conta ined S['"'C]M cysteine and were located by fl uorography. 
a b c d 
FIG 2. Polyacrylamide gel electrophoretic patte rns of high-sulfur pro teins isolated from normal (a,c) and TTD (b,d) hair. a and b, Single-
dimensional electrophoresis run in 10% PAA.gels containing 3 M urea at pH 2.6. c an d d. Two-dimensional electrophoresis. First dimension 
(horizonta l) , electrophoresis in 10% PAA gels conta ining 3M urea at pH 2.G. Second dimension (vertica l), electrophoresis in contin uo us grad ient 
PAA gels containing SDS at pH 7. 
a bsence accoun ts, at least in par t, for the decreased cystine 
content ofTT D ha ir (Ta ble I). There ar e also differences in the 
other components, the TTD materia l being richest in compo-
nents wi th a high SD S mobili ty and thus lower appa1·en t M ,., 
and in components of high charge and sm aJl size which run on 
the lower righ t- ha nd s ide of the gel. In line wi th this, ul tracen-
trifuge studies carri ed ou t in 8 M urea buffers found that T TD 
high-sulfur proteins have a lower average M ,. of 14,000 as 
compared wi th an average va lue for th e norma l proteins of 
20,000 [7]. Further evidence for significant differences between 
normal and TTD high-sulfur proteins comes from an exa mi-
nat ion of their a mino acid composit ions (Table I ). As compa red 
with the normal, the TTD high-sul fur proteins not only conta in 
32% less SCM C bu t very much more (> 30%) aspa rtic acid, 
glycine, a lanine, isoleucine, leucine, and phenyla la nine. These 
cha nges in composition a re co nsistent wit h the loss of t he group 
of UH S proteins [16]. 
N ormal and TTD high-sulfur proteins were fi ·actionated , 
essentia lly on a size basis, by chromatography on Sephadex G-
200 (Fig 3). The two elu t ion curves although spanning the same 
M ,. range differ mru·kedly in sha pe, ind icating that the two high-
sulfur protein preparations contain a d ifferen t size d istribut ion, 
with the normal proteins being the richer in the large r molecul a r 
species and the TTD protein the richer in the sma ller molecules. 
The elu ted proteins were divided in to 5 exactly correspo nding 
fractions, la beled I-V in order of increasing elu t ion volume and 
decreasing size. As expected there were mar ked d iffere nces 
between the two high-sul fur protein preparations in the yield 
of proteins in th e 5 fractions (Fig 3), the TTD preparation for 
exa mple co ntained a mu ch lower proport ion of the high M ,. 
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FIG 3. Chromatography of hair high-sulfur proteins on Sephadex 
G-200 in 0.1 M ammonium bicaJ·bonat.e-8 M urea-0. 1 M NaCl. Flow rate 
5 ml/h. Top profile = normal high-sulfur proteins. Bottom. profile = 
TTD high-sulfur proteins. Eluant fractions (5 ml) were pooled as 
indicated. 
components of fraction I (15% vs. 24%) but a much larger 
proportion of the low M,. components of fraction V (21% vs. 
5%), assu ming comparable extinction coeffi cients. As we were 
unable to recover protein corresponding to normal peak V (this 
may not be due to protein) and only very small amounts of 
TTD fraction IV, of necessity our comparisons are incomplete. 
Normal and TTD fractions I- III were chromatographed on 
M,. calibrated HPLC columns to give the elution curves shown 
in Fig 4. Not shown are the elution cmves for normal fraction 
IV (mostly 6-7K dalton) and TTD V (less than 5K dalton) . We 
can draw two conclusions from this data: (1) Excluding TTD 
fraction V, it is clear that the high-sulfUJ' proteins of normal 
and TTD hair span the same range in apparent M,.s. (2) A 
comparision of the average apparent M,.s of fractions with 
comparable elu t ion volumes from Sephadex shows that in each 
case the TTD fraction has a markedly lower value than the 
corresponding fraction from normal hair. 
A comparison of Sephadex fractions I-IV by electrophoresis 
at pH 2.6 in one dimension (Fig 5a-h) showed that except for 
certain regions of the two fractions I where smearing tended to 
obscure the pattern, corresponding patterns differed markedly 
in the mobili ties of their constituent proteins. This was even 
more evident in a comparison of the same fractions by two-
dimensional electrophoresis (Fig 6a-h). A careful comparison 
of the corresponding patterns using tracings on transparent 
overlays with certain invariant proteins as markers showed that 
the TTD high-sulfur protein contained at least 22 components, 
(marked with arrowheads in e-h) which were undetectable in 
the patterns of normal high-sulfur proteins. We feel that there 
are many other components falling into this category, pru·ticu-
larly in TTD fraction IV, but which we cannot unequivocally 
identify. Although TTD hjgh- ulfur protein conta ined a few 
(about 6) constituents with mobilities corresponding to normal 
components, there were at least 8 major norma l components, 
marked wit h arrowheads on Fig 6a-d which could not be 
detected in TTD protein patterns. 
Two a reas of the two-dimensional patterns provided spec·ial 
prob lems in interpretation. The wedge of UHS proteins in 
norma l fraction I (Fig 6a) seriously reduced the clarity of 
underlying spots and it was not possible to make an ade-
quate count of normal high-sulfur proteins in this major 
fraction . However for the pwvose of 111aking compru·isons, the 
consequences were minimal for few of the proteins in TTD 
fract ion I run in this area of the 'electrophoretogram. There 
were many poorly resolved low M ,. components visible in Fig 
6d,h, and it is not possible to make adequate comparisons 
between t he normal a nd abnormal components because of the 
absence of identifiable r eference components. We can conclude 
that the two protein fractions differ in at least 30 resolva ble 
I 
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FIG 4. Elution profiles obta ined by 1-IPLC in O.J M phosphate-S M 
urea at pH 7 of ha ir high-sulfur protein fractions obtained by chroma-
tography on Sephadex G-200 (see Fig 3). The column was calibrated 
with respect to M,. with 3 wool high-sulfur proteins of known sequence 
M,.. Peak tube M,. are given in kiloda ltons. 
II Ill IV 
abcdefgh 
FI G 5. E lectrophoretic patte rns of high-sulfur protein fractions ob-
tained by chromatography on Sephaclex G-200 (see Fig 3). a, c, e, and 
g, Norma l hair fi·actions I- IV. b, d, (, and h, TTD hair fractions l-l\1. 
Run in 10% PAA gels conta ining 3 M urea at pH 2.6. The track 
corresponding to TTD I was underloaded. 
components together with an unknown number of UHS pro-
teins. These Sephadex fractions, except TTD fraction IV and 
normal fraction V for which t here was lack of material, were 
also compared by amino acid analysis (Table II), giving 3 pairs 
of corresponding analyses and analyses of normal IV and TTD 
V. It can be seen (Table II) that corresponding fractions are 
quite different in composition, generally reflecting the differ-
ences found between the parent unfractionated high-sulfur 
proteins with the TTD fraction of each pair containing sub-
stantia lly less SCMC but more aspartic acid, glycine, alanine, 
leucine, and isoleucine than the corresponding normal fraction. 
Such differences in composition also observed between the 
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c d 
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FIG 6. Two-dimensional elecLropl;oretic patterns of high-sul fur prote in fra ctions obta ined by chromatography on Sephadex G-200 ( ·ee Fig 3). 
a-d, Normal ha ir fractions I-IV. A rmws indicate those components wh ich a re detectable only in this hair. e-h, TTD hair fractions I-IV. Anows 
indicate those components which are detectable only in TTD ha ir. In each set components are marked only once a lthough they may appear in 
more than one fraction. For gels a-c and e-g the origins were located approximately in the top left ha nd com ers of the photographs. Fo.r gels d 
and h, in order to a llow visualization of the faste r-moving components in the first dimension, part of the gel photograph has been cut off and the 
point of application of the pro tein would be somewhat to the left of the edge. First dimension (horizontal), electrophoresis in 10% PAA uel 
containing 3M urea at pH 2.6. Second d imension (vertical), electrophoresi in continuous gradient PAA gels containing SDS at pH 7. b 
TABLE II. Amino acid compositions (as residues %) of high-sulfur protein fractions isolated from normal and TTD hair (see Fig 3) 
II 
Normal TTD Normal 
Lysine 0.5 1.2 0.5 
Histidine 0.9 0.5 0.9 
ATginine 6.6 3.9 6.3 
SCMC" 28.9 21. 1 27.1 
Aspartic acid 1.8 2.3 2.0 
Threonine 10.8 "7.3 11.1 
Serine 13.4 16.3 13.2 
Glu tamic acid 8.6 9.6 8.6 
Proline 11.8 12.5 12.5 
Glyc ine 4.7 5.6 5.5 
Alanine 1.7 4.8 1.9 
Valine 4.9 7.8 4.6 
Methionine 0.0 0.3 0.0 
Isoleucine 1.4 1.7 1.4 
Leucine 1.7 2.8 2.0 
Tyrosine 1.5 1.5 1.5 
Phenylalanine 0.9 1.0 1.0 
" This fraction a lso conta ined small amounts of ornithine and citru lline. 
"S-carboxymethylcysteine 
,. tr- trace 
hairs (Table I) therefore stem not only from a Joss by the TTD 
hair of the UHS proteins but also from a general shift in 
synthesis to high-sulfur protein components of lower cystine 
content than normal. In the present study we found that at 
least 96% of nor~nal high-sulfur protein contained 25 residues 
% or more of SCMC, while Polli tt and Stonier [6] using a 
different fractionation procedw·e found that virtually all their 
Sephadex fraction no. 
Ill IV v 
'l~ro Normal ·n·o Normal TTD " 
0.7 0.6 0.9 0.6 2.1 
0.6 1.1 0.8 1.0 0.9 
5.4 6.3 5.4 6.2 4.5 
18.8 25.5 16.9 24 .7 12.7 
3.1 2.8 4.3 2.5 6.0 
10.1 10.8 9.9 10.7 6.3 
13.7 12. 1 13.0 13.3 14.8 
8.8 7.6 7.8 6.9 8.8 
11.6 13.0 11.2 12.2 9.5 
7.7 5.4 8.0 6.6 12.6 
3.2 2.0 3.6 2.7 5. 1 
7.3 5.0 7.3 5.0 4.5 
0.3 0.2 0.3 0.2 tr•· 
2.3 1.8 2.7 1.4 2.2 
3.3 3.3 4.6 2.8 4.8 
1.7 1.4 1.6 1.6 2.5 
1.4 1.2 1.8 1.4 2.7 
normal high-sulfur fractions contained 20 residues % or more of 
this amino acid . It is t herefore of considerable interest to note 
that apart from fraction I, all TTD high-sulfur fractions were 
below 20 residues % of SCMC. On this basis alone it would 
therefore appear that at least 85% of the TTD high-sulfur 
proteins have lower SCMC content than components normally 
present in hair and thus must be classed as abnormal. TTD 
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fraction V has a very low SCM C content of 12 residues %, which 
is far below that recorded for any norma l hair high-su lfm 
protein component [6) bu t appears s imilar to a recently isolated 
minor component of wool [17]. 
A Comparison ol the High-Sulfur Proteins of Woo l Grown 
During Periods ol Sulfur-Deprivation and S ulfur-
Enrichment 
A sheep was given a sulfur-deficient die t for 12 weeks a nd 
during t his period wool mass growth rate declined to only 11% 
of normal and the wool half-cyst ine content, a lready at the 
lower end of the range, remained at a bout 9.9 residues %. The 
diet was then supplemented for 6 weeks with 1.34 g elemental 
sulfur per day and the half-cystine con tent of th e woo l rose to 
11.2% [18]. An examination of two-d imensional electrophoresis 
patterns of the high-sulfur proteins produced during t he sulfur-
deprivation and t he sulfur- enrichment periods (Fig 7 a, b) shows 
a 
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that both fractions give rise to the same array of spots, the only 
difference being in the amount of the UHS protein wedge. 
There is no evidence for the presence in the sulfuT-deprived 
fraction of new low M ,. proteins. 
A Comparison of the High-Sulfur Proteins of Human Hair 
Grown During Kwashiorlw r and A fter R ecoue1y 
Gillesp ie [19) showed that hair high-sulfur proteins synthe-
sized during the kwashiorkor state had on average a much 
lower ha lf- cystine content than normal (19 vs. 30 r esidues %) 
with moving boundary electrophoresis of the SCM proteins 
showing a substantia] shift, as compared with normal high-
sulfur proteins, to components of lower charge (a t pH 4.5) a nd 
hence lower SCMC content. These proteins, now somewhat 
insolub le after s torage in t he freeze-dried state for 16 yea rs, 
have been compared by two-d imensional electrophoresis (Fig 
7c, d) . Although the patterns are rather indistinct both show a 
uhs 
b 
d 
F rc. 7. Two-dimensiona l e lectrophoret ic patte rns of high-sulfur proLeins of wool ( a,b) and ha ir ( c,d) produ ced unde r diffe1ent d ieLary 
condJLJons. a. , Wool grown during sulfur-de fi ciency. b, Wool grown during sul fur enr ichment. c, Human ha ir grown during kwashiorkor. d , Human 
hair grown afte r recovery. First dimension (horizo n ta l), electrophoresis in 10% PAA gels con ta ining 3 M urea at pH 2.6. econd d imension 
(vert ical), electrophoresis in continuous grad ient PAA gels conta ining S DS at pH 7. 
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simila r a rray of spots wi t h the kwashiorkor pattem (Fig 7c), 
showing less of the UHS fraction bu t a igni ficant a moun t of 
low M ,. protein . 
DISCUSSION 
The sample of ha ir examined in this study meets t he defini-
tion of TTD hair in t hat it has a cystine content far below 
norma l (<50% of norma l) with a grossly abnorma l amino acid 
composition. S imila r materia ls have been studied by Polli tt and 
Stonie r [6], Gold a nd Kachra [20], and Baden et al [21]. Such 
a cha nge in t he composit ion of ha ir obviously reflects cha nges 
in the constituent proteins. We can visualize this taking a 
variety of fo rms: a simple cha nge in the overa ll proportions of 
the low-sulfur and high-sulfm proteins, a n a lteration in the 
relative proportions of their subunit po lypeptides, or the ap-
peara nce of new protein components. The present situation 
may provide examples of all three. 
We have shown that apart from the possible loss of a minor 
component, th is sample of TTD hair conta ins a normal set of 
low-su lfur pro tein subunit polypeptides covering the usua l 
range of M ,.s and isoelectric points. The e data rule out the 
possibili ty of the mu tation having a ffected the size of the 
polypeptides or the re lative proportions of constituent charged 
amino acids, to which can be added cystine because of the 
presence of its charged derivat ive S-ca rboxymethy lcysteine. 
The two-dimens ional electrophoretic technique described in 
this paper is an idea l too l for looking for mu tationa l cha nges in 
these proteins a nd there is a n urgent need for its app lication 
to other samples of TTD ha ir pa rt icula rly those (e.g., sample 
IV -6 of Baden [ 4) and that of Polli tt a nd Stonier [6)) for which 
there is some ev idence for the presence of mutated low-sulfur 
proteins. 
In contrast, t he hi gh-su lfur proteins a re greatly decreased in 
amoun t a nd those present have a lower than normal average 
M ,. nnrl cystine content. These changes in the nature of the 
high-sulfur proteins are clue to 4 weU-clefinecl events in volving 
the TTD hair: (l) T he loss of the heteroge neous group of UHS 
proteins. (2) The loss of at least 8 high-sul fur proteins that 
figure prominently in the electrophoretic pattern of normal ha ir 
high-sulfur protein . (3) The acquisit ion of at least 22 high-sulfur 
prote ins of lower than normal cysti ne content that a re unde-
tectable in normal ha ir. (4) The acq uisition of a s ignificant 
amoun t of abnormal ill -defined low M,. pro tein. 
Event l , the loss of the UHS pro te ins, an effect common to 
sulfur deprivation in t he sheep and prote in deficiency in hu -
mans, provides strong evidence supporting the hypothesis that 
TTD hair is grown under condi t ions of su lfur deficiency. As th~ 
subject was on an adequate diet this defi ciency must be a 
metabolically induced sulfur defi ciency at· the follicl e and may 
involve in te r a lia, cha nges in the a bsorption, transfer , or metab-
olism of sulfur-conta ining a mino acids. H owever this may not 
be the cau. e of t he other events, for sulfur deprivation in the 
sheep, carried to the stage whe re woo l growth a lmost ceased, 
does not cause the loss of norma l proteins, apa rt from the loss 
of the UHS proteins, or the appea rance of new ones. In fa ct 
over a long seri es of experim ents in volving the dietary, hor-
monal , a nd physiologic manipulation of the sheep, the only 
changes observed in wool high-sulfur proteins have involved 
t he UH S fraction [22]. This appea rs to be t ru e a lso for the high-
sulfur proteins in kwashiorkor, although this ha ir does appear 
to contain some very heterogeneous low M ,. materia l. These 
resul ts suggest that events 2-4, i.e., the loss of normal high-
sulfur prote ins a nd the acquisit ion of ma ny " new" proteins, are 
not the result of sulfur deficiency but stem from the effects of 
a different regulatory mechanism. In in terpreting these cha nges 
it is unfortunate t hat we do not have sufficient information to 
decide whether the 22 " new" proteins a re new in the sense of 
being mu tated or whether they belong to the normal spectrum 
of high-su lfur prote ins but are produced by the follicl e of norma l 
hair in undetectable amounts. The fact that there is the same 
inverse corre lation between SCMC content and the content of 
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aspartic acid, glycine, alanine, valine, isoleucine, leucine, and 
phenylalanine previously found for wool high-sulfur prote ins 
[23] suggests that these " new" proteins a re in fact part of a 
normal set a nd that the latte r hypothesis is a reasonable one. 
On this basis we can suggest t hat the TTD mu tation has not 
affected the proteins per se bu t has al tered a regulatory gene, 
one effect of which is to suppress the synthesis of some high-
sulfur proteins a nd to enhance the synthesis of others, the net 
effect being the appearance of a virtually new set of high-sulfur 
proteins. 
An alternat ive hypothesis suggests that. a set of appar ent ly 
normal high-sulfur proteins is synthesized in the follicle but 
then partly degraded, perhaps by the lysosomal enzymes re-
leased during the latter stages of fiber formation [24). Thi 
attack could resul t from changes in t he nature of the enzymes, 
in the proteins, or in the mil li eu of the cell. Such a degradative 
process may well be responsible for the production of the low 
M,. proteins of TTD fraction V but not for the " new" high -
sulfw· proteins because the latter span much the sam e M ,. ra nge 
as those of normal hair in spite of t heir ve ry different amino 
acid composition. Nevertheless this theory should be taken in to 
consideration in fu t ure studies of TTD hair. 
Our thanks are clue to Dr. E. F. Woods and Mr. G. G. Li lley fo r 
making molecular weight measurements in the ul tracentrifuge and to 
Dr. C. M. Roxburgh for the am ino ac id analyses. We are indebted to 
Dr. Woods also fo r his novel suggestion that degradation may be 
responsible for some of the abnormal proteins of TTD hair. 
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A Comparative Study of the Physical and Chemical Properties of 
Melanins Isolated from Human Black and Red Hair 
I. ARAVINDAKSHAN MENON, PH.D., SuRUJDEEN PERSAD, M .Sc., HERBERT F. HABERMAN, M .D .,* AND 
C. JosEPH KuRIAN, PH.D. 
Clinical Science Division, University of Toronto, Toronto, Ontario, and A lpha Laboratories, Don Mills, Ontario, Canada 
Some of the physical and chemical properties of the 
melanins isolated from human black and red hair were 
compared. Some of these properties were also compared 
with those of synthetic dopa melanin. Five samples each 
of black and red hair were used for isolating melanin by 
extraction with 2.5 M NaOH, and purification by repea ted 
precipitation with HCl and redissolution in NaOH. The 
proteins associated with the melanins were hydrolyzed 
by refluxing the melanoproteins in 6 M HCl. The melan-
oproteins from black and red hair had 55.8 ± 2.0% and 
41.5 ± 2.5% m elanin, respectively. Ther e was no statis-
tically significant difference be tween the amino acid 
compositions of the hydrolysates from black and red 
hair melanoproteins. The ultraviolet and visible spectra 
of red hair melanin showed significant differences from 
those of black hair m elanin and dopa melanin. Even 
though the overall spectra of red hair melanin showed 
some differences from those of black hair and dopa 
melanins, the results indicate a close similarity in the 
groups identifiable by the IR spectra. The compositions 
of C, H , N, S, and 0 in these melanins were determined. 
Red hair melanin contained more S than black hair 
melanin; dopa melanin did not contain any S. Black and 
red hair melanins oxidized NADH at approximately the 
same rate. Ultraviolet irradiation increased the oxida-
tion of NADH by red h air melanin to a greater extent 
than that by black hair melanin. These r esults show that 
although there are general similarities, there are signifi-
cant differences in the physical and chemical properties 
of melanins isolated from black and red hair. 
Manuscript received March 2, 1981; accepted for publication August 
31, 1982. 
This work was supported by Grant No. MA-5043 from the Medica l 
Research Council of Canada. . 
• Dr. Haberman is an Associate of the Ontario Cancer Treatment 
and Research Foundation. 
Reprint req uests to: Dr. I. A. Menon, University of Toronto, Clinical 
Science Division, Medical Sciences Building, Toronto, Ontario M5S 
lAS, Canada. 
Abbreviations: 
ESR: electron spin resonance 
Clinical experience has shown that there is a higher incidence 
of skin cancer and increased photosensitivity in people with red 
hair and light skin compared to those with dark ha ir and skin. 
This is generally attribu ted to the lower a mounts of mela nin 
present in the skin of the former group a nd/o r differences in 
the type of melanin in these individuals. It is widely accepted 
that light colored hair has predominantly pheomelanin, in 
contrast to the eumelanin usually present in dark hair [1-3]. 
Eumelanin is chemically different from pheomela nin , the most 
obvious difference being the higher sulfur content of pheome-
lanin compa red to eumelanin . It seems that there are two 
separate, but possibly interrelated, pathways for the biosyn-
thesis of these two types of mela nins. Eumelanin is synthesized 
by the oxidation of dihydJ"oxyphenylalanine (dopa) to dopaq ui-
none and a series of subsequent oxidation and polymerization 
reactions. On the other hand t he synthesis of pheomelanin 
proceeds via the condensation of dopaquinone with cysteine to 
produce cysteinyl dopa a nd the oxjdation and polymerization 
of cysteinyl dopa [1-6]. 
Chedekel and associates have shown that pheomelanin is 
degraded by irradiation with long-wavelength ultraviolet (UV) 
and visible light [7-10]. It has also been observed that under 
these conditions superoxide is form ed. We have recently con-
ducted a comparative study of the formation of superoxide 
during irradiation of eumelanin a nd pheomela nin (unpublished 
data). 
A number of reports have demonstrated that several eumel-
anins, synthesized fi·om different chemicals as well as those 
isolated fJ·om melanoma and human black hair, participate in 
oxidizing and reducing reactions [11-13]. The oxjdation of 
NADH by dopa melanin has been found to be increased by 
irradiation with visible light [13,14]. Compa1·ative data on the 
effects of UV or visible radiation upon th e NADH oxidation by 
pheomelanin is included in this paper. 
The eumelanins ru·e known to exhibit specific electron spin 
resonance (ESR) signals; these signals are enhanced by visible 
irradiation [15-17]. Recent comparisons of the ESR signals of 
eumelanin and pheomela nin have shown that there are signifi-
cant differences between the signals of eumelanins and pheo-
melanins [18- 20]. 
This paper describes a comparison of some of the physica l 
and chemical properties of melanins isolated fTom human black 
